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Acoustic communication has played a key role in the evolution of a wide variety of 
vertebrates and insects. However, the reconstruction of ancient acoustic signals is chal- 
lenging due to the extreme rarity of fossilized organs. Here, we report the earliest tym- 
panal ears and sound-producing system (stridulatory apparatus) found in exceptionally 
preserved Mesozoic katydids. We present a database of the stridulatory apparatus and 
wing morphology of Mesozoic katydids and further calculate their probable singing 
frequencies and analyze the evolution of their acoustic communication. Our suite of 
analyses demonstrates that katydids evolved complex acoustic communication includ- 
ing mating signals, intermale communication, and directional hearing, at least by the 
Middle Jurassic. Additionally, katydids evolved a high diversity of singing frequencies 
including high-frequency musical calls, accompanied by acoustic niche partitioning at 
least by the Late Triassic, suggesting that acoustic communication might have been 
an important driver in the early radiation of these insects. The Early—Middle Jurassic 
katydid transition from Haglidae- to Prophalangopsidae-dominated faunas coincided 
with the diversification of derived mammalian clades and improvement of hearing in 
early mammals, supporting the hypothesis of the acoustic coevolution of mammals 
and katydids. Our findings not only highlight the ecological significance of insects in 
the Mesozoic soundscape but also contribute to our understanding of how acoustic 
communication has influenced animal evolution. 


insect | acoustic communication | soundscape | tympanal ear | Mesozoic 


The production of acoustic signals is one of the most important behavioral adaptions in 
animal communication, and the sending and receiving messages using sound is essential 
for the survival and success of many animals. Acoustic communication can be defined as 
the transmission of messages via airborne sound waves and is enabled by specialized hearing 
and sound-producing organs (1—4). It is widespread in two disparate extant animal taxa: 
insects and vertebrates, the latter including frogs, reptiles, birds, and mammals. Animal 
acoustic communication serves many purposes, including mating rituals, warning calls, 
conveying the location of food sources, and social learning, and has led to an amazing 
diversity and complexity of recent soundscapes (1). Therefore, exploring the evolution of 
animal acoustics will provide robust evidence for addressing how our modern-day sound- 
scapes came into existence. Moreover, understanding the evolutionary history of animal 
acoustic behavior is crucial to unveiling how acoustic communication affects large-scale 
patterns of diversification (1, 2), and knowing how animals have evolved in response to 
sound pressure (e.g., natural noise) is also a key to the future in predicting how animals 
will deal with anthropogenic noise stressors (3). Nevertheless, the reconstruction of deep- 
time acoustic behavior is a major challenge. Using phylogenetic methods based on data 
from living animals is the most prevalent approach for reconstructing past acoustic behav- 
ior (2), although the fossil record of morphological traits permitting the analysis of acoustic 
communication is rather poor (4). 

Insects were the first terrestrial animals to use air-borne sound signals for long-distance 
communication (5). They display an extremely high diversity of auditory systems and 
sound-producing organs. For example, tympanal ears have evolved at least 18 times inde- 
pendently in diverse taxa of seven extant insect orders (Orthoptera, Mantodea, Hemiptera, 
Diptera, Neuroptera, Coleoptera, and Lepidoptera), involving at least 15 body locations 
(6, 7). The ability to produce a sound that can travel over a long distance using specialized 
organs, such as a stridulatory (vibration-producing) apparatus or tymbals, has evolved at 
least in six insect orders, Blattodea, Orthoptera, Mantodea, Hemiptera, Coleoptera, and 
Lepidoptera (6). These insects provide important clues for understanding the evolutionary 
processes driving the diversity of acoustic signaling and behavior (1, 6, 8). 

Among acoustically signaling insects, katydids (Orthoptera: Tettigoniidae, 
Prophalangopsidae, and extinct Haglidae) stand out as an ideal model to investigate the 
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evolution of acoustic organs and behavior (1, 8-10). Male katydids 
produce sounds through friction between specialized veins of the 
forewings (tegminal stridulation), and these sounds are received 
by males and females primarily through the ears (auditory tym- 
pana) on the protibiae (11) (Fig. 14). Their sophisticated acoustic 
communication, an important innovation in sexual selection, has 
been intensively studied from behavioral, neurological, and evo- 
lutionary perspectives (1, 5, 6, 10, 12-22). Although katydids have 
a rich fossil record dating back to the Triassic, songs have been 
inferred from only three species: one from the Middle Jurassic (14) 
and the others from the Early Eocene (13, 15). Therefore, the early 
evolution of their acoustic communication remains unclear. More 
importantly, Mesozoic katydid high-frequency songs are thought 
to be related to hearing improvement in early mammals (5, 12, 
23). However, only low-frequency pure-tone (musical) songs have 
been reported in extinct katydids (13-15), and the origin of 
high-frequency songs remains unknown (12, 13, 17). 

In this study, we describe the exceptionally preserved stridula- 
tory and hearing organs of katydids from the Middle Jurassic 
Daohugou Konservat-Lagerstatte (approximately 160 Mya) in 
China. Furthermore, we reexamine some key fossils from the 
Triassic of South Africa and Kyrgyzstan and compile an updated 
database of Mesozoic katydids. Using this, we calculate the singing 
frequencies of Mesozoic katydids, reconstruct their potential 
acoustic behavior, and analyze the evolution of their acoustic com- 
munications. Our results demonstrate that Mesozoic katydids 
evolved a high diversity of singing frequencies, acoustic niche par- 
titioning, complex acoustic communication, and high-frequency 
musical calls. 


Results 


Ear Morphology. We found well-preserved tympanal ears in 24 
prophalangopsids (Abolinae) from the Middle Jurassic Daohugou 
Konservat-Lagerstatte, consisting of four males in two genera and 
two species, 19 females in three genera, and one sex unknown 
(SI Appendix, Table S1). Ears were not observed in the other taxa 
(e.g., Haglidae) examined. These fossil ears are elliptical structures 
apparent as a thinning of the leg cuticle, surrounded by a thickened 
rim, on the anterior (inner) and posterior (external) surfaces of 
the proximal protibiae (Fig. 1A and SI Appendix, Fig. S1). The 
size range of the fossil tympana is from 2.1 mm long and 0.8 
mm wide to 1.0 mm long and 0.3 mm wide (male and female; 
all specimens), which is almost the same size as found in extant 
katydids [from 2.0 mm long and 0.8 mm wide [male, Cyphoderris 
monstrosa (24)] to 1.2 mm long and 0.5 mm wide (male, 
Tarragoilus diuturnus and Aboilomimus ornatus)]. Extant katydids 
and their relatives (Ensifera) exhibit a great deal of variation in the 
anterior and posterior morphology of the tympanum (11, 25). 
In our fossils, each tympanum consists of two almost identical 
(anterior and posterior) membranous areas, exhibiting similarity 
in size, structure, and position (Fig. 1 B and C). The tympanum 
comprises two distinct regions: an elliptical, thickened region 
(tympanal plate) with transverse creases, embedded within a 
crescent of thinner, transparent membrane (tympanal membrane) 
(Fig. 1 B-D and SI Appendix, Fig. S1). The entire tympanic 
membrane is completely exposed without the cuticle, and the 
tympanic membrane plate is located dorsal to the tympanic 
membrane. 


Fig. 1. Prophalangopsidae and Haglidae from the Jurassic Daohugou Konservat-Lagerstatte. (A) Sigmaboilus sinensis, NND04329, male, with stridulatory files 
and tympanal ears. (B) Tympanal ears on forelegs (enlargement of boxed area in a). Note the right external (posterior) and left internal (inner) tympana are of 
similar size. (C) Sigmaboilus sinensis, NND04334, female, tympanal ears (S/ Appendix, Fig. S1A). (D) Sigmaboilus sp., NND12z088, female, tympanal ear (SI Appendix, 
Fig. S1B). (E) Liassophyllum caii, NND12z186, male, stridulatory file (S/ Appendix, Fig. S2C). (F) Allaboilus gigantus, NND12z171, male, stridulatory file, and harp 
(SI Appendix, Fig. S2D). ey, eye; ha, harp; hl, hind leg; sf, stridulatory file; te, tympanal ear. (Scale bars, 10 mm (A), 1 mm (B-F).) 
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Sound-Producing and Sound-Radiating Systems. We examined 
the sound-producing and sound-radiating systems of forewings 
in 87 specimens of 31 genera and 40 species from the Middle/ 
Late Triassic of Kyrgyzstan, Late Triassic of South Africa, and 
Middle Jurassic Daohugou Konservat-Lagerstatte of China. 
The sound-producing system of these katydids comprises a 
serrated vein (also known as the stridulatory file), and their 
sound-radiating system consists of a harp, neck, premirror, 
and mirror, which are four membranous areas on the wing that 
serve to amplify and radiate the sounds produced by the file 
(12, 26; Fig. 1 and SI Appendix, Figs. S2 and S3). Most extant 
katydids (belonging to Tettigoniidae) exhibit conspicuous wing 
asymmetry, producing either pure-tone or broadband calls 
(14, 16). In contrast, hitherto all known Mesozoic katydids 
have shown highly symmetrical forewings with identical files 
(SI Appendix, Fig. S2 A and B), consistent with this being a 
plesiomorphic condition for katydids (14, 27). Thus, these 
fossil katydids produced only pure-tone songs using a resonant 
mechanism, like extant Prophalangopsidae (14). 

In addition to different sound-producing structures, katydids 
exhibit a great variety of sound-radiating cells (including harp, 
neck, premirror, and mirror cells) of the forewings, which also 
play an important role in their acoustic communication (26). In 
order to reveal the evolution of sound-radiating cells of Mesozoic 
katydids, we compiled a database of the forewing area and 
sound-radiating cells area (70 Mesozoic katydid species and eight 
extant prophalangopsid species; Dataset $1). Compared to their 
extant counterparts, fossil katydids have a comparatively small 
sound-radiating cells area, implying a low efficiency of sound 
amplification (SJ Appendix, Fig. S4). The mirror area/sound-ra- 
diating cells area greatly increased through time (SI Appendix, 
Fig. S4 Fand F), suggesting that their sound-radiating efficiency 
also improved because katydids radiate sound mainly via the mir- 
ror (26). 


Acoustic Diversity of Jurassic Daohugou Katydids. We observed 
that the file lengths of the Daohugou katydids are mostly restricted 
to one of two ranges: Haglidae and large Prophalangopsidae 
(forewing length 40 to 82 mm) have a file 8 to 10 mm long, while 
small- and medium-sized Prophalangopsidae (forewing length 24 


to 41 mm) possess a distinctly shorter file 3.3 to 4.4 mm long 
(SI Appendix, Table S2). The file teeth are clearly visible in some 
specimens including Haglidae and Prophalangopsidae. All these 
teeth are asymmetrical with lateral flaps projecting anteriorly, 
morphologically similar to those in extant katydids (14). The tooth 
spacing increases progressively toward the basal end of both files 
(Fig. 1E and SI Appendix, Fig. S2) and so is just as well organized 
as that of extant species producing pure-tone calls, suggesting that 
most of the file was used to generate sounds. A regression model 
had been proposed for file length and singing frequency based on 
extant pure-tone producing Tettigoniidae (28) and was further 
extended to fossil Prophalangopsidae and Haglidae because the 
tegminal stridulatory apparatus in extinct Prophalangopsidae and 
Haglidae is similar to extant pure-tone producing Tettigoniidae 
(14, 29). Fitting the file length of fossil katydids to the regression 
model indicates that large katydids from Daohugou tuned in at a 
frequency of 4 to 7 kHz, while small- and medium-sized katydids 
commonly produced a higher frequency of 12 to 16 kHz (Fig. 2). 
This result is consistent with a previous observation that frequency 
is negatively correlated with body size 30. 


Acoustic Diversity of Mesozoic Katydids. We compiled a 
database of all fossil occurrences of Mesozoic Haglidae and 
Prophalangopsidae (16 subfamilies, 201 species), including the 
geological age, updated taxonomic placement, forewing length and 
width, and stridulatory file length (Datasets $2-S4). File lengths 
of Mesozoic Haglidae indicate a uniform distribution mainly 
between 4.0 and 10.5 mm, but those of Prophalangopsidae show a 
bimodal distribution with two ranges of 3.0 to 4.5 mm and 6.8 to 
15.0 mm. We further calculated their probable singing frequencies 
based on the regression model (14, 29). Singing frequency is 
negatively correlated with body size for both Haglidae and 
Prophalangopsidae, which is consistent with extant katydids (29). 
Triassic Haglidae showed a diverse song repertoire with frequencies 
mainly between 4 kHz and 16 kHz (Fig. 2). The Middle/Late 
Triassic Madygen Konservat-Lagerstatte in Kyrgyzstan yielded the 
most abundant katydids, comprising 25 species. Their file lengths 
range from 3 mm to 16.3 mm, with frequencies between 4.1 kHz 
and 16.3 kHz (Fig. 2). Notably, some Triassic haglids could already 
produce a high-frequency pure-tone song (SI Appendix, Figs. S5 
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Fig. 2. Frequency range of hearing in vertebrates (Above) and frequency range of tones used by extant crickets and fossil katydids (Below). Frequency range 
of hearing in vertebrates based on ref. 31, and frequency range of tones of extant crickets based on ref. 14. Red triangles indicate the calculated frequency of 
Haglidae from Madygen. Green and red diamonds indicate the calculated frequency of Prophalangopsidae and Haglidae from Daohugou, respectively. Red and 
blue circles represent the calculated frequency of Mesozoic Haglidae and Prophalangopsidae, respectively. 
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Fig. 3. The evolution of katydids and mammaliaforms. (A) Simplified phylogeny of Hagloidea based on refs. 1, 14, and 32. (B) Simplified phylogeny of 
mammaliaforms based on ref. 33. Black thick lines indicate the known extent of the fossil record. Polygons indicate evolution of auditory organs in katydids 
and mammals: light blue rhombus, crista acustica homologue (CAH); dark blue rhombus, crista acustica (CA); light blue hexagon, postdentary-attached middle 
ear (PAME); dark blue hexagon, detached middle ear (DME); and red pentagram, mammal high-frequency hearing in Cladotheria. Vertical yellow bars show 
the low-frequency sound evidence: 1, Late Triassic fossils from South Africa and Middle/Late Triassic fossils from Madygen, Kyrgyzstan; 3, Archaboilus musicus 
from the Middle Jurassic of Daohugou (14); 4, Middle Jurassic fossils from Daohugou; 6, Pseudotettigonia amoena from the Early Eocene of Denmark (13); and 7, 
Pseudotettigonia leona from the Middle Eocene of USA (15). Vertical red bars represent the high-frequency sound evidence: 2, Middle/Late Triassic fossils from 
Madygen and 5, Middle Jurassic fossils from Daohugou. Vertical pink bars show the evidence of the upper frequency limit of mammal hearing: 8, Morganucodon 
from the Late Triassic 34 and 9, Henkelotherium guimarotae and Dryolestes leiriensis from the Late Jurassic of Portugal 35,36. The purple area represents the 
katydid fauna transition and major radiation of stem mammals in the Early-Middle Jurassic 37. 


and S6). In contrast to Haglidae, Mesozoic Prophalangopsidae 
show a bimodal distribution of frequencies with two ranges of 4 
to 8 kHz and 12 to 16 kHz (Fig. 2). 


Mesozoic Katydid Faunal Turnover. Haglidae probably originated 
in the Early Triassic and reached the peak of species richness with 
47 species described during the Middle—Late Triassic, but they 
distinctly declined (22 species) from the Early Jurassic and had a 
low species richness (totally 17 species) from the Middle Jurassic 
to Cretaceous. In contrast, after the appearance in the Early 
Jurassic, Prophalangopsidae became more diverse than Haglidae 
from the Middle Jurassic (35, 27, and 37 species described in the 
Middle Jurassic, Late Jurassic, and Early Cretaceous, respectively) 
(SI Appendix, Fig. S7). Therefore, a distinct katydid transition 
from Haglidae- to Prophalangopsidae-dominated fauna occurred 
during the Early—Middle Jurassic (Fig. 3). 


Discussion 


The fossil record of insect ears is exceptionally poor and previously 
only dated back to the Eocene (13, 25). Our fossils represent the 
earliest-known insect ears and extend the age range of the mod- 
ern-type auditory tympana by 100 million years to the Middle 
Jurassic. In general morphology and size, the fossil ears are 
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identical to those observed in modern Prophalangopsidae and 
some Stenopelmatidae, representing an ancestral character of the 
ear (9, 11, 24). Correspondingly, these extinct prophalangopsids 
probably had evolved similar biomechanics to extant “ancestral” 
forms of ensiferans like Anoatostomatidae and Prophalangopsidae, 
the class 2 lever model 38. In this model, the stiff tympanal plate 
acts as a hinge with the dorsal edge connected to the cuticle of 
the leg and forms the fulcrum of a lever that can move a load 
between the fulcrum and the force, effectively transmitting 
mechanical energy to the fluid environment of the sensory organ 
38,39. Furthermore, katydids probably had evolved the crista 
acustica also known as Siebold’s organ (an auditory sensory organ 
of Tettigonioidea and Hagloidea) in the Triassic (Fig. 3A), and 
this innovation represents a great advance in auditory ability, such 
as far-field hearing, and provides the precondition for high-fre- 
quency acoustic communication (1). Our findings not only rep- 
resent the oldest tympanal ears in insects but also probably reveal 
the oldest lever mechanism in the insect auditory system, shedding 
light on the antiquity and evolution of ancestral insect auditory 
organs. 

Jurassic katydids from Daohugou display both well-preserved 
ears and sound-producing systems and thus provide compelling 
evidence for reconstructing early katydid acoustic communication 
to better understand its roles in evolution. Acoustic signals, as an 
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intraspecific communication channel, are used for a variety of 
purposes in insects including sexual signaling, courtship signals, 
aggression, and defense (20, 21, 40). The complex acoustic com- 
munication not only implies efficient communication but also 
provides a new natural selection driver for the speciation and 
diversification of katydids (16, 17, 27, 41). Male advertisement 
is widely accepted as the primary function of acoustic signals and 
the most important means of pair formation in ensiferans (40). 
The sounds made by Jurassic male katydids were clearly used to 
advertise the singer’s location and to attract mute females (which 
only possess ears), like calling songs in extant species (42). Males 
may be selected by females based on the quality of their calls, such 
as the temporal patterns and loudness. Some Daohugou katydids 
produced a comparatively low-frequency song, which is a long-dis- 
tance advertising signal (43). Such a long-distance communication 
system requires the evolution of directional sensitivity (44, 45), 
suggesting that the conspecific females likely had evolved direc- 
tional hearing, similar to extant Prophalangopsidae (9, 46). In 
addition, female katydids cannot produce sounds and the ears of 
male katydids are used for intermale acoustic communication, 
which is an important way for intermale territorial and aggressive 
behaviors to be resolved in orthopterans (11, 40). Therefore, the 
presence of ears in fossil males further suggests that intermale 
acoustic communication—typical of the acoustic behavior of their 
extant counterparts (11, 40)—had evolved by the Middle Jurassic 
including territorial and aggressive signals. Taken together, sophis- 
ticated acoustic communication was already established among 
katydids, at least by the Middle Jurassic. 

The Middle/Late Triassic Madygen and Middle Jurassic 
Daohugou Konservat-Lagerstiatte yielded the most diverse fossil 
katydids. Our analysis shows that both katydid assemblages reveal 
high diversity and large variation in their singing frequency, sug- 
gesting that a high acoustic diversity was widespread in Mesozoic 
katydids. Interestingly, singing frequencies commonly vary among 
most species, which is recognized in concurrent katydids from 
Madygen and Daohugou deposits (Fig. 2). These findings consti- 
tute strong support that there is competition for acoustic space in 
signaling communities, and this has probably resulted in temporal 
and spectral partitioning of the soundscape. Therefore, acoustic 
niche partitioning (partitioning of the transmission channel due 
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to acoustic competition) may have been present among these fossil 
katydids at least by the Late Triassic. If acoustical niches were 
partitioned, as in extant ecosystems (44), this probably increased 
the effectiveness of acoustic communication and reduced the prob- 
ability of interference and masking of overlapping sound signals 
(44), thus establishing and maintaining the coexistence of ecolog- 
ically similar katydid species, contributing to the high diversity of 
Mesozoic katydids. Compared with other orthopteran insects, 
katydids with acoustic communication experienced a remarkable 
radiation during the early Mesozoic (47). Although recent studies 
of extant tetrapods and orthopterans suggest that acoustic com- 
munication does not increase diversification rates (1, 2), our results 
show that acoustic communication might have been an important 
driver for the early radiation of katydids. 

Mesozoic Haglidae show a diverse song repertoire with fre- 
quencies mainly between 4 kHz and 16 kHz (Fig. 2). Mesozoic 
Prophalangopsidae have the same frequency range as that of 
Mesozoic Haglidae but show a bimodal distribution of frequen- 
cies with two ranges of 4 to 8 kHz and 12 to 16 kHz (Fig. 2). 
Low-frequency songs (<10 kHz) in katydids are better adapted 
for long-distance communication close to the ground 14,54. 
This is because excessive attenuation of pure-tone sound increases 
linearly with frequency from at least 5 kHz to 40 kHz in habitats 
with shrubs and trees 55. These songs could also advertise a 
caller’s position to potential vertebrate predators which home 
in on sound (5). High-frequency songs of Mesozoic katydids 
would attenuate rapidly with distance, limiting the communi- 
cation range 30. They are, however, important for eavesdropping 
avoidance, because they are above the upper limit of hearing in 
most Mesozoic animals except some early mammals with devel- 
oped middle ears (Fig. 2). Mesozoic katydid high-frequency 
songs are thought to be related to hearing improvement in early 
mammals (5, 12, 23). However, previously only low-frequency 
songs have been reported in extinct katydids (13-15). Our anal- 
ysis shows that high-frequency tone first appeared in the Middle/ 
Late Triassic (Fig. 3). Definite evidence of high-frequency 
sounds was previously unknown in the Mesozoic or in earlier 
animals, including insects. Therefore, katydids are currently the 
earliest known lineage of animals to have evolved high-frequency 
musical calls. 


Cicada airbrone Bat 
sound echolocation 


Katydid Bird 
syrinx 


120 80 40 0 


Fig. 4. The origins of some key acoustic evolutionary events according to fossil evidence. The earliest tetrapod tympanic membrane of the ear comes from the 
Early Permian (approximately 290 Ma) 48. The earliest orthopteran stridulatory apparatus comes from the Middle/Late Triassic Madygen Konservat-Lagerstatte 
(approximately 240 Ma) 49. Acoustic communication has arisen repeatedly and independently across major tetrapod groups from 200 Ma to 100 Ma (2). The earliest 
crown anuran comes from the Early Jurassic (approximately 190 Ma) 50, probably indicating the origin of vocal sacs. The earliest high-frequency hearing ability 
of mammals probably originated in the Early Jurassic. The earliest orthopteran tympanic ear comes from the Middle Jurassic Daohugou Konservat-Lagerstatte 
(approximately 160 Ma). The earliest bird vocal organ syrinx comes from the latest Cretaceous (68 to 66 Ma) 51. The earliest record of a cicada tymbal with sac 
comes from the Paleocene (approximately 55 Ma) 52. The earliest echolocation of bats originates from the Early Eocene (approximately 52 Ma) 53. 
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Our results support the hypothesis of the acoustic coevolution of 
early mammals (predators) and katydids (prey) (5, 12, 23). Late 
‘Triassic stem mammaliaforms had less developed inner and middle 
ears and a weak high-frequency hearing ability 34, e.g., postden- 
tary-attached middle ear (PAME), functional for both jaw suspen- 
sion and hearing) in Morganucodon 56,57 (Fig. 3B). After the 
emergence of mammals in the Late Triassic, most Jurassic mammals 
were small insectivores that survived in nocturnal niches not previ- 
ously used by other vertebrates 58-61. Subsequently, stem mammals 
underwent a major radiation in the Early—Middle Jurassic 37,62, 
with the improvement of hearing in early mammals, e.g., repeated 
appearance of detached middle ears 56,57 (Fig. 3B). Some extant 
nocturnal insectivorous mammals identify and localize their prey 
via acoustic signals such as some marsupials 63. Similarly, some Early 
Jurassic stem mammals with developed inner and middle ears (e.g., 
early cladotherians; Fig. 3B) might have evolved high-frequency 
hearing 35,36, which is thought to be useful in locating chorusing 
prey 5,23,64. Mesozoic katydids were probably nocturnal, relying 
on acoustic contact in vegetated habitats 14,39, and their large bod- 
ies would have been a significant food source for early insectivorous 
mammals. Haglidae probably appeared in the Early Triassic and 
diversified during the Middle—Late Triassic (Fig. 3). From the Early 
to Middle Jurassic, haglids distinctly declined while prophalangop- 
sids appeared and dominated the soundscape of the Pangean super- 
continent (Fig. 3A and SI Appendix, Fig. S7). The rise of Jurassic 
Prophalangopsidae is probably due to their greater flying ability, 
dispersal being combined with more effective acoustic communica- 
tion 32. Coinciding with the diversification of early mammalian 
clades 37,62 (Fig. 3), the katydid faunal turnover may have been 
influenced by the early auditory evolution of insectivorous mam- 
mals, which probably imposed strong selective stress on katydids. 
The high-frequency songs of Mesozoic katydids could well have 
driven the evolution of intricate hearing systems in early mammals, 
and conversely, mammals with progressive hearing ability could have 
exerted selective pressure on the evolution of katydids. Thus, the 
acoustic coevolution of mammals and katydids might have occurred 
reciprocally and progressively during the Mesozoic (5, 12, 23), partly 
shaping the complex blueprint of Mesozoic mammalian and katydid 
evolution (SI Appendix, Fig. S8). 

Our results also contribute to understanding the evolution of 
the Mesozoic soundscape, hitherto mostly inaccessible from the 
paleontological record. In modern terrestrial ecosystems, insects 
and frogs tend to dominate the choruses in tropical biomes, but 
birds dominate the chorus in temperate and boreal biomes 65. 
The early Mesozoic soundscape was quite different (Fig. 4 and 
SI Appendix, Fig. S9). During the Triassic, insects especially katy- 
dids, dominated the choruses, although some reptiles and amphib- 
ians may have made sounds. During the Jurassic, when the world 
became truly noisy, vertebrate animals had evolved a wide range 
of vocal abilities (2). Frogs, with their rich repertoire of calls and 
songs, first appear in the Early Jurassic 50; birds (Avialae) appeared 
in the Late Jurassic, although their special vocal structure (syrinx) 
is only reported from the latest Cretaceous 51. In the Cretaceous, 
the forest soundscape is almost the same as the modern one except 
lacking the sound of cicadas, which evolved their airborne 
sound-producing tymbals in the Cenozoic 52. All in all, the 
Mesozoic soundscape became progressively complex, in which 
katydids played a pioneering ecological role. 


Materials and Methods 


Geological Settings. The Daohugou fossil-bearing strata consist of mainly 
grayish-white tuff, tuffaceous sandstone, siltstone, and shale, with a tuffaceous 
conglomerate at the base and a thick rhyolitic breccia and andesite at the top. 
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The age of the fossil-bearing strata is considered to be the late Middle Jurassic 
(66). The fossil insects are commonly preserved as carbonaceous compressions 
on the surface of gray tuffaceous siltstones (67). 


Measurements of Stridulatory Files and Calculation of Acoustic 
Frequency. We examined 63 specimens of 9 genera and 18 species (nearly 
2% of all Orthoptera specimens) from the Middle Jurassic Daohugou Konservat- 
Lagerstätte of northeastern China, 21 specimens of 21 genera and 21 species 
from the Middle/Late Triassic Madygen Formation of Kyrgyzstan, and three spec- 
imens of one genus and one species from the Late Triassic Molteno Formation of 
South Africa. Jurassic specimens from Daohugou are deposited in the Shandong 
Tianyu Museum of Nature (prefix STMN) and Nanjing Institute of Geology and 
Palaeontology, Chinese Academy of Sciences (prefix NIGP and NND). Triassic 
specimens from Kyrgyzstan are deposited in the Palaeontological Institute, 
Russian Academy of Sciences (prefix PIN), and Triassic specimens from South 
Africa are deposited in the South African National Botanical Institute (prefix BP). 
Photographs were taken using a Sony «7 camera and a Zeiss SteREO Discovery 
V20 microscope system with specimens moistened in 95% alcohol or dry. The 
figures were prepared with CorelDraw X4 and Adobe Photoshop CS3. We summa- 
rized all fossil data of Mesozoic Haglidae and Prophalangopsidae, including the 
geological age, updated taxonomic placement, forewing length and width, and 
stridulatory file length (Datasets S2-S4). Almost all taxa are based on forewings, 
but many forewings are not complete, and their estimated length and width are 
based on the reconstruction of original researchers. We observed a difference 
in the forewing length between Mesozoic Haglidae and Prophalangopsidae 
(M-W test, Z = —2.072, P= 0.038; K-S test, Z = 1.438, P= 0.032; SI Appendix, 
Fig. S10). Although the M-W test shows no significant difference in the equality of 
medians of the file lengths of the two families (M-W test, Z = —0.693, P= 0.488), 
the K-S test reveals that the two distributions of file lengths are significantly differ- 
ent(K-S test, Z = 1.451, P= 0.030; SI Appendix, Fig. S10). For katydids producing 
pure-tone signals, the response variable carrier frequency with file length was 
the natural log-transformed: LnFreq = 3.68—-0.81 x LnFile (14, 29). The sound 
frequency of Mesozoic katydids is calculated using this regression model. The 
Spearman Rank Correlation test shows that sound frequency is negatively corre- 
lated with the body size for Mesozoic Haglidae and Prophalangopsidae (Pearson 
correlation —0.667, P < 0.001 for Haglidae; Pearson correlation —0.793, P < 
0.001 for Prophalangopsidae). 


Measurements of Sound-Radiating Cells and Calculation of Related Traits. 
We examined all Mesozoic haglids and prophalangopsids, among which 38 
and 32 species with relatively complete forewings were measured respectively. 
Additionally, we added measurements of eight recent prophalangopsid species 
to make a comparison (Dataset $1). Measurements of areas were performed 
using software tpsDig v.2.16 (68). Six values were measured for each species: 
forewing area, radiating cells area (the sum of harp, neck, premirror, and mirror 
areas), harp area, neck area, premirror area, and mirror area. Then, we calculated 
three traits of sound-radiating cells: percentage of mirror in the forewing area 
(mirror area/forewing area), percentage of sound-radiating cells in the forewing 
area (sound-radiating cells area/forewing area), and percentage of mirror in the 
sound-radiating cells area (mirror area/sound-radiating cells area). We plotted 
three traits of sound-radiating cells through time, of which "Middle to Late Triassic” 
were grouped together due to the rarity of Late Triassic values and "Middle to 
Late Jurassic" were grouped together due to their short geological time range 
(SI Appendix, Fig. S4). The mirror area/forewing area slightly increased from the 
Triassic to Jurassic and almost remained stable in the Jurassic and Early Cretaceous 
(SI Appendix, Fig. S4 A and B). We observed a distinct difference in the mirror 
area/forewing area between Triassic (mainly from the Madygen Formation) and 
Jurassic (mainly from the Daohugou Konservat-Lagerstatte) katydids (M-W test, 
Z = —2.772, P = 0.006; K-S test, Z = 1.418, P = 0.036; SI Appendix, Fig. S10). 
Compared with Mesozoic species, recent species exhibit a distinct increase in 
the mirror area/forewing area, which probably indicates their improvement in 
sound-radiating efficiency. The sound-radiating cells area/forewing area slightly 
decreased from the Triassic to Early Cretaceous (SI Appendix, Fig. S4 C and D). 
The mirror area/sound-radiating cells area prominently increased through time 
(S! Appendix, Fig. $4 E and F). 


Statistics. Differences in the data were tested statistically, assuming a significance 
level of P< 0.05 for nonparametric tests performed in IBM SPSS Statistics 27. The 
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Spearman rank correlation test was used to compare the rank order of the file length 
and forewing length of fossil katydids. It was also conducted to compare the rank 
order of the singing frequency and forewing length of Mesozoic Haglidae and 
Prophalangopsidae. Both Mann-Whitney (M-W) test and Kolmogorov-Smirnov 
(K-S) test (both for two independent samples) were conducted to compare differ- 
ences in the length of forewings and files of the two groups, as well as the mirror 
area/forewing area between the Triassic (mainly from the Madygen Formation) and 
Jurassic (mainly from the Daohugou Konservat-Lagerstatte) katydids. The M-W test is 
used for equality of medians and is, therefore, sensitive to central tendency, and the 
K-S test is for equality of distributions and is more sensitive to skewness and kurtosis. 


Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. 
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